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A limited  investigation  was  conducted  to  measure  the  oxides  of  sulfur  In  aircraft 
turbine  engine  exhaust.  The  objective  was  to  establish  the  ratio  of  sulfur 
trioxide  (SO3)  to  sulfur  dioxide  (SO2)  to  be  utilised  in  support  of  the  climatic  , 

impact  assessment  program.  The  SO3  concentration  was  found  to  be  13.8  percent  j 

of  the  SO2  concentration  as  determined  by  wet  chemistry  analysis.  Sulfur  recovered  ; 
in  the  samples  was  approximately  50  percent  of  the  total  sulfur  in  the  fuel. 
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INTRODUCTION 


Hie  purpose  o.  the  test  results  reported  herein  w as  to  measure  the  >ulfur 
trioxide  (icij > and  siiltur  dioxide  tsu.)  in  aircraft  turbine  engine  exhaust 
and  to  establish  the  ritio  of  SOj  to  So_. 


HACKuKOUND. 


riie  quantity  of  suliur  oxidss  emitted  by  aircraft  turbine  engines  Is  low 
because  ut  the  sulfur  limits  imposed  on  commercial  Jet-A  fuel.  Sulfur  was 
considered  to  be  a problem  in  the  early  development  of  turbo-jet  engines 
because  hot  turbine  components  were  susceptible  to  sulfur  corrosion.  Jet-A 
fuel  specification  limits  the  quantity  ui  sulfur  to  0.)  percent  by  Might. 

Tire  actual  sulfur  content  in  jet-A  fuel,  however.  Is  significantly  less  than 
tiie  limit  with  average  values  generally  ranging  from  0.04  to  0.12  percent  by 
weight.  Sulfur  dioxide  emissions  from  turbine  engines  vary  from  5 to  10 
parts  ner  million  (ppm)  and  are  almost  totally  i function  of  the  sulfur  con- 
tent of  the  fuel  (reference  1).  Calculations  in  support  of  the  work  show  that 
the  minimum  sulfur  dioxide  emissions  from  turbine  engines  reported  herein  is 
less  than  i ppm. 

Hie  Investigation  of  SO^  and  SO3  was  conducted  in  support  of  the  climatic 
impact  program  and  required  the  establishment  of  the  SO3  to  SO2  ratio. 

Sulfur  trioxide  exists  as  a gas  above  625*  F ord  as  temperaturs  is  decreased, 
the  gas  combines  with  surrounding  moisture  and  becomes  sulfuric  acid  (H2SP4) 
mist.  Experimental  results  reported  in  reference  2 show  that  for  low  con- 
centrations of  SO3  the  acid  dewpoint  is  significantly  less  than  a temperature 
of  625*  F. 

Measurement  of  SO3  In  turbine  engine  exhaust  had  been  unsuccessful  to  date. 

The  severe  sample  conditions,  consisting  of  a high- temperature  gas  stream 
at  or  near  a dynamic  pressure  equivalent  to  Mach  1,  has  prevented  the  collec- 
tion of  samples  by  conventional  methods.  Sulfur  trioxide  or  H2SO4  samples 
should  he  collected  with  a quartz-lined  probe  and  a glass  sample  train  of 
filters  and  scrubbers  to  prevent  chemical  reaction  with  the  materials  in 
contact  with  the  sample  and  permit  recovery  of  the  acid  mist  by  washing  the 
collection  train. 


DISCUSSION 


ANALYTICAL  MEASUREMENT  METHODS. 

Measurement  methods  employed  wet  chemistry  involving  the  assessment  of  color 
changes  or  intensities  produced  by  sulfur  oxide  chemical  reactions.  A mod- 
ified West-Cask*  method  was  utilized  for  SO2  measurement.  This  method  was 
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selected  because  ui  it:.  ade  juate  sensitivity  a:»<i  accuracy  in  the  SOv  concen- 
tration range  of  turbine  engine  exhaust.  The  method  involves  the-  col  lent  lots 
ot  exhaust  gas  saddles  in  a scrubber  with  sodium  tetrachloromerc-arate.  t« 
provide  inlormation  concerning  required  i low  rates  ami  to  assure  a muxicun 
t low  rate,  two  nodi  lied  (.recnburg-Srit  h impingers  in  series  each  containing 
100  millil iters  of  sodium  tetrachlorivr.ercurate  were  used  in  the  sample  colic- 
tion  train,  i'ararosani  line  in  rc  draciori-.  acid  and  iormaldehyde  solutions 
were  added  lollowin^  sample  acquis! t ion.  The  intensity  of  the  color  change 
iron  clear  to  red  violet  ii- -pends  on  the  quantity  <<l  SGi  present.  . 'ms  absorb.; 
(optical  density)  ot  the  sample  was  measured  at  56')  nanometers.  Tiie  quantity 
of  SOj  was  determined  in  relation  to  a blank  and  from  the  calibration.  The 
standard  West-iiaeke  method,  reference  i,  was  modified  to  eliminate  nitrogen 
dioxide  interference,  reterence  4,  by  the  addition  of  0.06  percent  sulfuric 
acid  to  0.1  molar  sodium  tetrachloromercurate. 

Test  method  8,  reference  r>,  was  employed  for  determination  of  SQj  or  sulfuric 
acid  mist  from  samples  collected  In  turbine  engine  exhaust.  The  sample  train 
consisted  of  a 2-inch  glass  filter  followed  by  two  modified  Greenburg-Smith 
impingers  in  aeries  each  containing  100  milliliters  of  four-to-one  proportion 
of  isopropanol  to  water.  Two  impingers  were  used  to  determine  the  maximum 
sample  flow  rate  and  to  assure  collection  of  all  of  tbs  samples  in  the  first 
.mpinger.  Total  sample  flow  was  2.9  cubic  feet  at  a flow  rate  of  0.22S  cubic 
feet  p-r  minute.  The  samples  were  processed  by  adding  two  to  four  drops 
of  thorin  indicator  and  titrated  with  barium  perchlorate  fra*  yellow  to  a 
stable  pink  color. 


DESCRIPT I0H  OF  EQUIPMENT. 


A TF30  mixed-fleer  turbo  far  engine  served  as  the  test  vehicle  for  this 
investigation.  The  engine  was  modified  by  removing  the  afterburner  assembly 
and  installing  a fixed-urea  jet  nozzle.  Test  conditions  were  selected  at 
maximum  continuous  power  where  the-  engine  developed  9,800  pounds  thrust,  used 
6,000  pounds  per  hour  of  jet-A  fuel,  and  pumped  222  pounds  per  second  of  air. 
The  fuel  contained  0.05  percent  by  weight  of  sulfur. 


The  sample  probe  assembly,  3 feet  in  length,  was  constructed  of  1-inch 
diameter  by  0.065-irch  wall,  stainless  steel  with  a quartz  liner  and  incor- 
porating an  electrical  heating  element  and  a thermocouple.  Maximum  operating 
temperature  of  the  probe  was  800°  F. 


A 2-ir.ch  stainless  steel  tip  turned  90°  was  installed  on  the  sample  end  of 
the  probe  and  a 28/15  millimeter  (mm)  outer  spherical  ball  Joint  of  quartz 
was  on  the  outlet  end. 


The  sample  train  (figure  1)  was  located  2.5  feet  under  the  engine  jet  exhaust 
nozzle  and  consisted  of  a 90s  Pyrex  adapter  with  28/15  am  inner  ball  joints  for 
connecting  the  probe  to  the  glass  filter.  Filters  of  glass  fiber  were  used 
in  a 2-inch  glass  filter  body.  "U”  shaped  glass  adapters  with  28/15  mm  joints 
were  employed  between  the  outlet  of  the  filter  and  the  inlet  of  the  first 
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FLCURE  1.  SAMPI.K  TRAIN  SCHEMATIC 


modified  Ureenhurg-Smi t!t  ir;  iiu!<  i and  between  tin'  outlet  of  the  first  irr.pinger 
and  the  inlet  ot  the  Net  om:  ii.f  i ngt-r . The  e.sh.iu^t  from  the  second  implnger 
was  routed  into  the  . four  where  t he  ! low  was  throttled,  the  rati'  set 

to  a rotameter  indication,  .uni  tin-  volume  Pleasured  with  a wet  test  meter. 

Tin  imp i ntters  were  , -hilled  in  *»  4-inch  deep  ice  hath  for  sample  acquisition. 

S/Oim.  AtViHSi  i 1 ir.~ . 

Tiie  glass  sample  train  and  tin-  imp  infers  ar.d  filters,  in  particular,  were 
designed  to  operate  under  sample  pressures  less  than  atmospheric.  Exhaust 
pressure  of  tin-  TF311  engint  at  m.ixir.ur  continuous  power  was  27  inches  of 
mercury  above  atmospheric  or  5n.h  inches  of  mercury  absolute,  I'nder  this 
pressure,  the  bubbler  or  stopper,  with  wide  rubber  band  restraint*  will  rise 
out  of  the  impingor  bottle  witi>.  resultant  gas  sample  leaks.  This  problem 
was  reduced  in  intensity  by  safety  wiring  the  stopper  to  the  bottle  similar 
to  the  wire  on  a wine  cork  and  bottle.  Aj.  some  leakage  was  observed,  even 
with  safety  wire,  the  test  and  sample  collection  procedures  were  changed  to 
reduce  the  pressure.  Engine  stabilization  in  mode  prior  to  sample  acquisi- 
tion was  eliminated  and  tin*  sample  flow  was  started  immediately  upon  accelera- 
tion to  the  maximum  continuous  power  conditions  to  release  the  pressure  to 
a level  where  the  safety  wire  and  clamp-supported  seals  could  be  maintained. 

The  second  problem  was  to  eliminate  glass  breakage  resulting  from  the  forces 
exerted  on  the  sample  probe  by  pressure,  vibration,  and  high-noise  levels. 

Two  ball  joints  were  installed  between  the  probe  and  the  glass  filter  to 
facilitate  alignment  and  thereby  minimizing  these  problems.  The  impingers 
were  shock-mounted  on  a 4- inch  thick  sheet  of  styrofoam  In  the  Ice  bath. 


TEST  RF.Sn.TS 


The  sample  probe  was  preheated  and  maintained  at  a temperature  of  550°  F. 

Tests  of  the  probe  and  filter  were  negative  in  regard  to  collection  of 
sulfuric  acid,  and  was  therefore  concluded  that  the  samples  consisted  of 
SOj.  Sample  flow  and  collection  procedures  were  modified  as  required  for  * 

collection  of  t’-  total  sample  in  the  first  implnger.  Three  SO3  (Measurements 
of  the  samples  collected  in  the  first  implnger  were  each  0.31  ppr.  Two  SO 2 
measurements  were  2.13  and  2.37  ppm,  which  averaged  2.24  ppm.  The  concentra- 
tion of  SO3  was  13.%  percent  of  the  SO2  concentration.  The  total  SO2  plus 
SO3,  was  2.36  ppm.  Sulfur  balance  calculations  were  accomplished  based  on 
the  fuel  containing  0.05  percent  by  weight  of  sulfur  as  determined  bjr  analysis 
of  the  fuel.  For  one-engine-operating-hour  at  maxim  im  continuous  power,  an 
equivalent  of  2.997  pounds  of  sulfur  in  the  fuel  was  consumed  by  the  engine. 

The  total  mass  of  air  and  fuel  per  operating  hour  was  805,377  pounds.  Using 
13.8  percent  S03-to-S02  and  assuming  that  all  of  the  sulfur  is  oxidized,  sul- 
fur balance  calculations  indicate  that  the  exhaust  contained  an  average  con- 
centration of  0.4  ppm  SO3  and  contained  an  average  concentration  of  2.9  ppm 
SO 2 for  a total  of  3.3  ppm.  Based  on  these  figures,  the  sulfur  recovered  in 
the  sample  was  77  percent  of  the  total  sulfur  in  the  fuel. 
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fab  i«*iju«*nt  the  . oi  lei  t ion  ..i:J  r.easv.r,  r,  :it  of  sulfur  oxides  , detailed  i r a v - 
er.es  conduct oil  across  the  exhaust  phic*  the  IK  if*  engine  me.isor,  .}  exhaust 
pas  for.pi  rdturi >;  and  .missions  in<  Iodine  art. on  dioxide  <('*>_•).  Hits  inlor',- 
t i on  is  utilized  in  thin  ana  I vs  is.  iho  p«-:n  t of  s.annl,  acquisition  was 
selected  in  riti-rfR.  «•  to  a eas  tempi  rat-are  ir.  e.v'es  s ct  633'  F.  Hie  sar.p ! e 
point  is  shoen  on  tiio  iso-therm  map  <•!  figure  2 an*:  is  in  an  exhaust  gas 
temporal ur»-  location  1,10')°  R.  The  iso-emission  map  nt  ('l)j  is  shown  in 
figure  t.  At  the  sample  point,  the  t.Oj  c.mceiitr  at  ion  is  I’.Kf  pe”.  erst  while 
tiio  traverse  average  e*'j  is  1.33  Dercent.  Since  tin-  pollutants  in  til-:  exhaust 
of  turbine  en.  in.-s  ar.  uvm-ral  iy  distributed  in  the  -ume  pattern  as  the  Ci<2  . 
i:  is  assumed  that  the  sulfur  oxides  art  also  distributed  in  patterns  similar 
to  that  o?  A correct  ie;;  ,>f  tr.v.arse  av*  rape  COj  divided  by  the  i-  maniri' 

tion  of  0>_>  at  tilt-  sample  paint  is  applied  ■ o the  total  measured  SO?  plus  So  / 
to  1‘stablish  a sultur  oxide  concentration  representing  the  average  for  the 
entire  exhaust: 

f I. 33/d. 101  K 2.  3b  = 1.63  ppr 

Thc  measured  sultur  oxides  as  corre-ted  is  then  1.63  ppr.  l-ss  than  that  of  the 
sulfur  balance,  and  the  sulfur  recovered  was  30  percent  of  the  sulfur  in  the 
fuel.  The  sulfur  which  was  not  nseasur.  J could  have  consisted,  in  part,  >f 
■ulfides,  sulfates,  and  sulfur. 
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CONCH'S  IONS 


It  is  concluded  Chat: 

1.  The  oxides  of  sulfur  in  aircraft  turbine  engine  exhaust  include  detectable 
quantities  of  sulfur  trioxide. 

2.  Although  the  oxides  of  sulfur  can  be  measured  by  wet  chemical  methods, 
acquisition  of  the  sample  in  aircraft  turbine  engine*  exhaust  by  these  methods 
require  further  development. 

3.  The  severe  sample  collection  environment  and  the  low  concentration  of  sul- 
fur oxides  in  turbine  engine  exhaust  plus  the  limited  scope  of  this  investigation 
resulted  in  a low  total  sulfur  recovery. 
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